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protein structure, dynamics, and function. Because it is difficult to investigate these aspects by studying real membrane proteins,
model transmembrane helical peptides are widely used. NMR experiments provide information on both orientation and dynamics
of peptides, but they require that motional models be interpreted. Different motional models yield different interpretations of
quadrupolar splittings (QS) in terms of helix orientation and dynamics. Here, we use coarse-grained (CG) molecular dynamics
(MD) simulations to investigate the behavior of a well-known model transmembrane peptide, WALP23, under different hydro-
phobic matching/mismatching conditions. We compare experimental 2H-NMR QS (directly measured in experiments), as well
as helix tilt angle and azimuthal rotation (not directly measured), with CGMD simulation results. For QS, the agreement is signif-
icantly better than previously obtained with atomistic simulations, indicating that equilibrium sampling is more important than
atomistic details for reproducing experimental QS. Calculations of helix orientation confirm that the interpretation of QS depends
on the motional model used. Our simulations suggest that WALP23 can form dimers, which are more stable in an antiparallel
arrangement. The origin of the preference for the antiparallel orientation lies not only in electrostatic interactions but also in better
surface complementarity. In most cases, a mixture of monomers and antiparallel dimers provides better agreement with NMR
data compared to the monomer and the parallel dimer. CG MD simulations allow predictions of helix orientation and dynamics
and interpretation of QS data without requiring any assumption about the motional model.INTRODUCTIONIntegralmembrane proteins perform avariety of vital cellular
functions. Features such as orientation, oligomerization,
protein dynamics, and specific and aspecific interactions
between lipids and transmembrane helices are encoded in
the amino acid sequence of membrane proteins and the lipid
composition, but it is a challenge to understand the main
determinants of membrane protein structure based on com-
plex natural sequences and heterogeneous membranes
(1–3). Biophysical characterization of model membrane
proteins is a powerful approach to dissecting all contributing
factors (4–6). Synthetic peptides in particular have been
widely used to investigate aspects of membrane protein
structure and dynamics (7–11).
The concept of hydrophobic matching between the
hydrophobic part of the protein and the hydrophobic core
of the bilayer was introduced with the so-called mattress
model (12). Many experimental studies have shown that it
plays an important role in regulating the structure of biolog-
ical membranes and the function of transmembrane proteins
(1,13,14). To study this effect in detail, Killian and co-
workers developed systematic series of model peptides
consisting of a poly-(leucine-alanine) stretch of variable
length flanked by two tryptophans (WALP), lysines
(KALP), or other residues at the N-terminus and C-terminusSubmitted August 22, 2009, and accepted for publication May 21, 2010.
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0006-3495/10/09/1455/10 $2.00(15). Both WALP and KALP peptides adopt a transmem-
brane a-helical conformation in lipid bilayers (16). Under
positive hydrophobic mismatch (i.e., when the hydrophobic
length of the peptide is larger than the hydrophobic
thickness of the lipid bilayer), these peptides undergo a reor-
ientation that depends on the nature of the lipid bilayer and
the flanking residues (16–19).
The orientation of a transmembrane helix within a bilayer
is generally defined in terms of the helix tilt angle, t,
between the helix axis and the bilayer normal and the
azimuthal rotation, r,which describes the direction in which
the peptide tilts with respect to a reference residue, e.g.,
Gly1 (see Fig. S1 in the Supporting Material). These angles
can be estimated from experimentally measured quadrupo-
lar splittings (QS) obtained from 2H solid-state NMR exper-
iments using the so-called geometric analysis of labeled
alanine (GALA) method (18,19). Recent studies showed
a systematic increase of the tilt angle upon membrane thin-
ning (i.e., increasing positive hydrophobic mismatch), but
gave surprisingly small values for the tilt angle (e.g., ~5
for WALP23 in dimyristoylphosphatidylcholine (DMPC)
(17,18)). Moreover, the direction of the peptide tilt (the
azimuthal rotation) depended on the nature of the flanking
residues around the hydrophobic stretch of the peptide
(i.e., Trp or Lys) (17).
Numerous atomistic simulation studies of WALP and
KALP peptides in lipid bilayers have been reported (20–24).
In all cases, the tilt angle predicted by the simulations was
significantly larger (e.g., ~30 for WALP23 in DMPCdoi: 10.1016/j.bpj.2010.05.039
1456 Monticelli et al.(24)) than that determined from 2H NMR (17–19). Fuchs
and co-workers, as well as Salgado and co-workers, hypoth-
esized that the small tilt angles obtained experimentally
with the GALA method could be the result of averaging
effects in the interpretation of the NMR data, and that higher
instantaneous values of the tilt angle are more likely (20,24).
The basic problem is that extracting the orientation of a
peptide from QS requires knowledge of the peptide motion
within the timescale of the experiment (which typically is on
the order of the inverse of the frequency of the interaction,
e.g., 1/10 kHz ~ 100 ms for 2H QS). Recently, an approach
was proposed that takes this motion into account by assum-
ing Gaussian distributions around a mean tilt and rotation
instead of a single value for both angles (25). This led to
significantly larger values of tilt (e.g., ~14–18 for WALP23
in DMPC) compared to those from the static GALAmethod.
Alternatively, simulations can help interpret experimental
data by directly simulating the motions that occur within
the timescale of the experiment. However, this requires
extension of the simulation timescale to observe the slowest
motions, i.e., rotational motion about the helix axis, which
occurs on the hundreds-of-microseconds regime.
In this work, we calculate the orientation of the WALP23
peptide in different phosphatidylcholine (PC) lipid bilayers
using molecular dynamics (MD) simulations with the
coarse-grained (CG) MARTINI force field (26,27). The
advantage of these CG simulations is that a timescale of
tens of microseconds can easily be reached, approaching
the timescale of motional averaging in NMR experiments.
This timescale is also sufficient to obtain a near-equilibrium
sampling of rotational motions of transmembrane helices, at
a level of detail that still includes side chains. We compare
2H QS data calculated from CG simulations with previous
atomistic simulations and with NMR data. The significantly
better sampling obtained with the CG approach results in
an improved agreement of calculated QS with experi-
mental results. The simulations give distributions of helical
orientations without the need for any assumption about
motional models. These distributions can be used for the
interpretation of NMR data. We also investigate the effect
of peptide dimerization on QS and the peptide orientation.
An equilibrium between monomeric and dimeric forms of
WALP23 yields QS values compatible with experimental
results.METHODS
System setup
We simulated the WALP23 peptide in three different lipid bilayers of
72 lipids, namely dilaureylphosphatidylcholine (DLPC), dipalmitoylphos-
phatidylcholine (DPPC), and dioleoylphosphatidylcholine (DOPC). For
each bilayer, we carried out simulations of a single peptide (peptide/lipid
(P/L) ratio of 1:72) and of a preassembled dimer (P/L ratio of 1:36) using
both parallel (P) and antiparallel (AP) orientations of the peptides. We thus
performed three simulations of the monomer, three of the P dimer, and three
of the AP dimer. The peptides were embedded in the bilayers using theBiophysical Journal 99(5) 1455–1464approach described by Kandt et al. (28). The dimers were constructed on
the basis of previous modeling in vacuum (29). In all simulations, the
termini (Gly1 and Ala23) were not charged, to mimic the capped neutral
termini in the experiments (18). One additional set of simulations of dimers
was performed in DLPC and DOPC starting from two separated peptides.
Four simulations were run for P and AP dimers.Force field and simulation details
The simulations were carried out using the MARTINI coarse-grained force
field (26,27). In this force field, each particle represents four nonhydrogen
atoms, with the exception of ring-containing molecules, which are mapped
with higher resolution (up to two nonhydrogen atoms per particle).
Both electrostatic and Lennard-Jones interactions were calculated using a
1.2-nm cutoff with switch function; the distances to start switching
Coulomb and Lennard-Jones interactions were 0 and 0.9 nm, respectively.
The neighbor list was updated every 10 steps and the relative dielectric
constant for the medium was set to 15. This is the standard procedure for
the MARTINI force field (26). Periodic boundary conditions were applied
in all dimensions. The temperature for each group (peptide, lipid, water)
was kept at 300 K using the Berendsen temperature coupling algorithm
(30) with a time constant of 1 ps. Note that all three bilayers are fluid at
300 K with the MARTINI force field, including DPPC, which has a gel-
to-fluid phase transition temperature of 295 K in this model and cannot
be distinguished from DMPC (31). The pressure was kept constant using
the Berendsen algorithm. Pressure coupling was semiisotropic, with a pres-
sure of 1 bar independently in the plane of the membrane and perpendicular
to the membrane, and a time constant of 4 ps. The integration time step was
40 fs, and structures were saved every 100 ps for analysis. Note that due to
lower friction, the dynamics in simulations using the CG model is faster
compared to atomistic simulations.
All CG simulations were carried out for 1 ms for WALP23 monomers and
either 5 (preassembled dimers) or 10 ms (starting from separated peptides)
for the dimers, using GROMACS 3.3.1 (32,33).Trajectory analysis
The peptide orientation was defined in terms of tilt angle, t, and azimuthal
rotation, r (see Fig. S1, consistent with work by others (17–19,24).). The tilt
angle was calculated from the first eigenvector of the inertia matrix of all
backbone beads. The azimuthal rotation corresponds to the angle between
the direction of the tilt and a vector orthogonal to the helix axis that passes
through the Ca of Gly1. The anticlockwise direction is taken as positive.
In simulations performed with an atomistic model, it is possible to calcu-
late directly the 2H-NMR QS (Dniq (kHz)) as if the side chain of each
alanine i were labeled with 2H:
Dniq ðsimÞ ¼ 3=4  K

3cos2qi  1

; (1)
where qi is defined as the angle between the magnetic field (taken as the z
axis) and the CaCb bond of alanine i. The angled brackets indicate an
average over all the conformations generated in the MD trajectory, whereas
in the NMR experiment this corresponds to an ensemble and time average.
K is the product of the quadrupolar coupling constant (e2qQ/h), which has
the dimension of a frequency (Q is the nuclear quadrupole moment, q is the
principal component of the electric field gradient tensor (i.e., qzz), e is the
electronic charge, and h is Planck’s constant) times an order parameter
(S). For K, we used the same value of 49 kHz as in the experiment with
which we compare our simulations (18). This value was obtained from an
experiment on a dry powder sample of WALP23-Ala-d4 peptide and corre-
sponds to S ¼ 0.875.
In the CG force field, alanine is represented by a single particle including
both the backbone and the side chain, with no explicit CaCb bond. To
calculate QS from CG simulations, we used the equation of the GALA
method, which relates QS to the orientation of the peptide:
TABLE 1 Average deviation from experimental QS for
monomer and dimer CG and some all-atom simulations
System
Simulation
method
Force
field/Method Lipid
Simulation
time (ns)
%
Dimer
dDnq
(kHz)
Monomer CG MARTINI
(v2.1)
DOPC 1000 — 2.0
DPPC 1000 — 2.2
DLPC 1000 — 2.6
Parallel
dimer
CG MARTINI
(v2.1)
DOPC 5000 98.4 1.3
DPPC 5000 99.2 7.9
DLPC 5000 91.6 7.4
Antiparallel
dimer
CG MARTINI
(v2.1)
DOPC 5000 100 1.3
DPPC 5000 100 1.8
DLPC 5000 100 2.1
Monomer Atomistic SemiRF DMPC 500 10.3
SemiRF2 150 19.5
SemiPME 250 9.7
AniRF 150 13.1
AniRF2 100 14.0
AniPME 70 13.7
Concatenated 1100 3.1
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
3=4  K

3 cos2 3ik


cost  sint  cosdi  tan3ik
2
1

;
(2)
where t is the tilt angle, 3ik is the angle between the helix axis and the Ca-Cb
bond vector of alanine i and di describes the azimuth of alanine i (di is
directly related to the azimuthal rotation, r, defined above (see Supporting
Material, especially Fig. S1, for details on 3ik and di). In summary, calcula-
tions of QS from CG-MD rely on two angles obtained directly from the
simulations (t and r) and the assumption of an ideal a-helical geometry.
Notice that simulations provide instantaneous values of QS; therefore,
time averaging is performed on QS as in Eq. 2, not on the angle q.
The hydrophobic length of the peptide was calculated as the distance
between the center of mass of residues Leu4 and Leu20, whereas the hydro-
phobic thickness of the lipid bilayers was evaluated as the average distance
between the centers of mass of the first hydrophobic bead in the lipid tails in
the two leaflets. The dimer population was evaluated based on the minimum
distance between any atoms of the two peptides. A threshold distance of
0.5 nm was used.
Experimental QS values were taken from Strandberg et al. (18). Dimer
simulations were started from preassembled dimers. Data for all-atom
simulations were taken from Ozdireckan et al. (24). Each value is the abso-
lute value of the deviation averaged over all labeled alanines.
Molecular docking
Rigid body docking of all-atom WALP23/WALP23 dimer was performed
using FTDock (34) with standard parameters. The calculations were done
in vacuum and electrostatic interactions were excluded so that only surface
complementarity was considered. To improve statistics, we ran 40 calcula-
tions with initial structures taken from a clustering of previous all-atom
dimer simulations (27) (20 P and 20 AP). Different rotamers were used
as initial structures for the docking calculations.
Other details on the docking procedure, the analysis of orientation distri-
butions, and the GALA analysis are described in the Supporting Material.RESULTS
CG MD simulations reproduce experimental
QS better than atomistic simulations
Table 1 shows a comparison between the QS values calcu-
lated from CG MD, the experimental values (measured in
an unoriented sample (18); see also the right panels of
Fig. S2), and previous results from all-atom simulations
on DMPC (24). CG simulations of monomeric peptides
yield on average a deviation of ~2 kHz from experimental
QS, significantly less than that obtained from atomistic
simulations. To verify the reproducibility of our CG simula-
tions, 10 independent runs of the WALP23 monomer in
DLPC were carried out. Results were very reproducible,
with a standard deviation of 1 kHz for the calculated QS.
In contrast, individual atomistic simulations of a few tens
to hundreds of nanoseconds gave deviations of 10–20 kHz
(24). Only the concatenation of the atomistic trajectories,
corresponding to 1.1 ms of sampling, yielded a relatively
small deviation (3.1 kHz), comparable to CG MD results.
This illustrates the importance of sampling in the accurate
prediction of QS from molecular simulations.
Both the experimental and atomistic simulation study
were carried out at a P/L ratio of 1:100, lower than in our
CG simulations (1:72 and 1:36), but it has been shownthat in this range, concentration has no effect on QS (18).
Since in the CG force field each bead represents four
carbons, there is no difference between acyl chains with
18 and 20 (or 14 and 16) carbons. Acyl chains with five,
four, and three coarse-grained beads correspond to 11Z-ei-
cosenoyl (20 carbon atoms and one double bond), palmitoyl,
and lauryl esters, respectively. Since experiments were done
in DOPC, DMPC, and DLPC (18) bilayers, the comparison
should take into account the limited resolution of the CG
model.Hydrophobic mismatch increases helical tilt
and slows down the dynamics
To characterize the effect of hydrophobic mismatch on the
peptide orientation, we calculated a number of structural
features for the simulated systems: the hydrophobic thick-
ness of the bilayer, the hydrophobic length of the peptides,
the tilt and azimuthal angles (see Table 2). Small fluctua-
tions in the peptide hydrophobic length are consistent with
minor deformations of the helical secondary structure. The
hydrophobic mismatch between WALP23 and a DPPC
bilayer is negligible. The mismatch is small and negative
in DOPC (the hydrophobic portion of the bilayer is thicker
than the hydrophobic stretch of the peptide) and positive in
DLPC.
The average tilt increases with decreasing bilayer thick-
ness (DOPC > DPPC > DLPC), as expected (see Fig. 1 A).
However, the increase in tilt angle between DOPC and
DPPC is very small. In contrast, when the mismatch is large
and positive (in DLPC), the tilt increases significantly.
These data are in good agreement with those of all-atomBiophysical Journal 99(5) 1455–1464
TABLE 2 Structural features of lipid bilayers in the presence of monomeric and dimeric WALP23 and tilt angle of the peptides
calculated from coordinates
System Lipid Bilayer hydrophobic thickness Peptide hydrophobic length % Dimer Tilt peptide 1 Tilt peptide 2
Monomer DOPC 2.92 (0.01) 2.67 (0.01) — 11.4 (5.8, 0.2) —
DPPC 2.63 (0.01) 2.62 (0.01) — 12.3 (6.5, 0.5) —
DLPC 1.94 (0.01) 2.57 (0.02) — 23.7 (8.8, 0.5) —
Parallel dimer DOPC 2.91 (0.01) 2.66 (0.01) 98.4 13.7 (6.4, 0.2) 15.1 (6.4, 0.3)
DPPC 2.63 (0.01) 2.64 (0.01) 99.2 16.3 (6.4, 0.3) 15.9 (6.3, 0.2)
DLPC 1.94 (0.01) 2.62 (0.02) 91.6 24.2 (9.1, 0.9) 22.8 (8.4, 0.8)
Antiparallel dimer DOPC 2.91 (0.01) 2.67 (0.01) 100 14.2 (6.2, 0.6) 16.5 (6.4, 0.2)
DPPC 2.63 (0.01) 2.64 (0.01) 100 15.4 (6.4, 0.2) 18.0 (6.6, 0.2)
DLPC 1.94 (0.01) 2.61 (0.01) 100 23.6 (7.9, 0.2) 25.7 (9.3, 0.9)
Dimer simulations were started from preassembled dimers. For the bilayer thickness and peptide length, the average values are reported with the standard
error in parentheses. For the tilt angle, the average value is reported with the standard deviation and standard error in parentheses.
1458 Monticelli et al.simulations: a tilt angle of ~10 is observed with zero or
negative mismatch, whereas when the positive mismatch
increases, so does the tilt (23). This is also in agreement
with previous predictions from continuum models (35).
The distribution of azimuthal rotation in the monomer
simulations is shown in Fig. 1D. The preference for a certain
azimuthal angle is small in DOPC and DPPC (where the tilt
angle is also small). Thanks to the extensive sampling, we
could estimate the free energy difference between the
most and least probable rotation angle (see Table S1). The
value is less than thermal energy in both DPPC and
DOPC, indicating that the peptide can rotate easily but
that all rotations are not equally likely. The free energy
difference between different rotational states is higher in
DLPC (~2 kT), where the helices are more tilted. The exis-
tence of preferential rotation angles leads to the nonequiva-
lence of QS values for different alanines in the sequence,
and is therefore consistent with experimental data (18). At
the same time, we observe that the rotation of the peptide
about its helical axis is fast compared to the experimentalBiophysical Journal 99(5) 1455–1464timescale. The rotational autocorrelation time is in the
nanosecond timescale in all lipid bilayers (see Fig. S3).
Rotation dynamics is faster in DOPC and DPPC than in
DLPC. Fast rotation implies that only one signal should
be observed for each alanine, which again is consistent
with NMR experiments.Monomer-dimer equilibrium is compatible
with experimental QS data
We carried out 5-ms simulations of WALP23 dimers (start-
ing from preassembled dimers) in the same lipid bilayers
used for the monomers. Dimers with an antiparallel arrange-
ment are stable in all lipids on the timescale of the simula-
tions. On the other hand, parallel dimers are less stable and
sometimes separate during the simulations (2–9% of the
time in DOPC and DLPC, respectively).
The effect of dimerization on the tilt is small (see Fig. 1, B
and C, and Table 2). The instantaneous tilt and rotation of
the two peptides in the dimer are generally different,FIGURE 1 Normalized distributions of tilt, t
(A–C), and azimuthal rotation, r (D–F), angles,
in degrees, for simulations of monomers and preas-
sembled parallel and antiparallel dimers, respec-
tively. Simulation data for DOPC, DPPC, and
DLPC are in black, red, and green, respectively.
For the dimer simulations, the distributions for
the first peptide are depicted with solid lines and
those for the second with dashed lines. As in
Table 2, all properties of dimers were calculated
on the intact dimers only. (See online version for
colors.)
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Although the average tilt of each helix is very similar after
~5 ms, the average rotation is still different (see Table 2) and
distributions of rotational angles have different shapes for
each peptide (see Fig. 1, E and F). Moreover, the rotational
dynamics is significantly slower than in the monomer (see
Fig. S3). Both the increased rotational preference and the
slower rotational dynamics depend on the presence of
peptide-peptide interactions. Orientational distributions
indicate that sampling is not sufficient to reach equilibrium
(see Fig. S7) and raise an important question on the dimer
dynamics: is the exchange dynamics sufficiently fast to
yield a single signal for each alanine in the NMR spectrum?
Slow exchange on the NMR timescale would lead to differ-
ent QS values for alanines, which is not compatible with
experimental results. To better understand the dynamics
of WALP23 dimers, we carried out multiple simulations
of dimers at lower concentration (1:72 P/L ratio, closer to
experimental conditions). The peptides were separated at
the beginning of the simulations to avoid bias toward
particular structures. We simulated four replicas for each
orientation (P and AP) in DLPC and DOPC, and each run
lasted 10 ms. In all cases, we observed the formation of
stable dimer within 3 ms (see Fig. S4 and Fig. S5), but there
were few or no disaggregation-reaggregation events within
10 ms. Despite this, peptides in the dimers do exchange their
orientation multiple times during the simulations (Fig. 2),
indicating that exchange dynamics is faster than the NMR
timescale (hundreds of microseconds). Simulations there-
fore predict that WALP23 dimers would give rise to only
one average signal for each alanine.Having analyzed the structure and dynamics of the
dimers, we calculated the QS values (from the simulations
started from the preassembled dimers (see Table 1)). The
average deviation of the calculated QS from experimental
values is very small in DOPC (~1 kHz) for both the parallel
and the antiparallel orientation. Deviations are systemati-
cally larger for the P dimer (7.4 and 7.9 kHz) compared to
the AP one (1.8 and 2.1 kHz) in DPPC and DLPC. Aver-
aging over both peptides always provides a better match
with experimental data (see Fig. S2 and Fig. S6).
To confirm the possibility of an equilibrium between
monomeric and dimeric forms of WALP23, we also evalu-
ated the QS for a number of selected mixtures of monomer
and P and AP dimers (see Table S2). In all cases, we find that
some mixtures of monomeric and dimeric forms are in
reasonable agreement with experimental data. In DOPC,
any mixture between the monomer and P and AP dimers
is compatible with experimental data. In contrast, in
DPPC and DLPC, only mixtures of monomer and AP dimer
give low deviations from experiments. In all the mixtures
compatible with experimental data, the difference between
the average QS for the monomer and the dimer is <2 kHz.DISCUSSION
Comparison between simulations
and experiments
The extent of helix tilt for WALP peptides in lipid bilayers
has been a matter of debate in the recent literature (36),
due to discrepancies between results obtained with differentFIGURE 2 Orientational exchange in dimers.
(Upper) Peptide-peptide distance between centers
of mass in aWALP23 dimer in DOPC as a function
of simulation time (3000–4000 ns). (Middle)
Azimuthal rotation of each peptide over the same
time frame, with one peptide in black and the other
in gray. The first half of the plot (3000–3500 ns) is
shown with open circles and the other half (3500–
4000 ns) with crosses. (Lower) Distribution of the
azimuthal rotation calculated over the different
time frames (3000–3500 ns and 3500–4000 ns)
for each peptide. Colors and symbols follow the
same rules as for the middle panel. The peptides
exchange their orientation on a timescale of
hundreds of nanoseconds, even if the dimer is
very stable. All curves are taken from a dimer
simulation (Fig. S4, AP4) started from two sepa-
rated peptides.
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1460 Monticelli et al.experimental and computational techniques. An ATR-FTIR
spectroscopy study first proposed moderate tilt angles
(~12 for WALP23 in DMPC) (16), but with a nonlinear
relationship between the tilt and the extent of positive
mismatch. Solid-state 2H NMR predicted increasing tilts
upon increasing positive mismatch, but with very low values
(~5 for WALP23 in DMPC) (17,18). Very recently, a fluo-
rescence spectroscopy study determined a tilt angle of 23.6
for WALP23 in DOPC (37)—a result that differs greatly
from previous NMR studies. The authors were surprised
to find a very modest increase in tilt (i.e., 24.8 in di-C16:1)
upon going to a thinner bilayer. Moreover, no reliable result
could be obtained in di-C14:1 lipids, possibly due to distor-
tions of peptide structure. Obtaining the helical tilt from
fluorescence techniques requires complex interpretations
of experimental data and, notably, knowledge of the position
of the probe relative to the helix axis. Despite the low reso-
lution of the technique, this work suggests the existence of
tilt angles larger than previously estimated, even in near-
matching conditions.
In most computational studies, WALP peptides display
larger tilt angles compared to solid-state 2H-NMR results.
MD simulations provided values in the range 20–35
(20–24). This difference appears to be independent of the
force field and other details of methods used in simulations.
For example, in a recent study using the CHARMM force
field, an angle of 28 was found for WALP23 in DMPC (38).
A study using a CG approach with no sequence specificity
gave tilt angles of 10–15, lower than those reported in
atomistic simulations (39,40). The average tilt angle found
in our CG simulations is smaller than those reported from
all-atom simulations of similar peptides under similar
mismatch conditions, but still significantly larger than those
reported from 2H-NMR experiments interpreted with the
static GALA method.
Two recent studies explained the discrepancy between
simulations and the GALA method (20,24) with averaging
effects due to the fluctuations in peptide orientation. Due
to nonlinear averaging of trigonometric functions, a peptide
with a fluctuating rotation angle and a tilt angle of 30 can
yield the same QS as a motionless peptide with a tilt of
5. The same effect is also found in our work: for example,
the tilt evaluated using the static GALA equation (using QSTABLE 3 Comparison of CG MD helical orientations with dynamic
Tilt ()
CG coord* GALA r flucty GALA t,r fluctz CG coord*
DPPC 12.3 115
DMPC 18 14
DLPC 23.7 34 29 155
CG MD helical orientations are from this study, and GALA model orientations a
for the rotation (Gly1 as a reference), which corresponds to the values in paren
*CG coord indicates the values obtained directly from the coordinates in our m
yFluctuations of rotation only (r) correspond to model 4 of Strandberg et al. (2
zFluctuations of both tilt and rotation (t,r) correspond to model 6 of Strandberg
Biophysical Journal 99(5) 1455–1464back-calculated from the simulations) is 1 in DOPC, al-
though the value calculated from the coordinates is 10.4
(see Table S3). This highlights the need to take into account
fluctuations in peptide orientation when analyzing solid-
state NMR experiments.
Other works also emphasized the importance of fluctua-
tions in the interpretation of PISEMA spectra (15N chemical
shift versus 15N-1H dipolar coupling) (41–44), as well as
2H-NMR data. Esteban-Martin et al. evaluated the proba-
bility of all possible peptide orientations using an implicit
potential based on the free energy of insertion of amino
acids in a membrane (45). Only when they used the whole
distribution of orientations could the experimental 2H QS
be reproduced. The extent of tilt found by this method
was rather high, e.g., 36 for WALP23 in DMPC. Alterna-
tively, Strandberg et al. proposed to include fluctuations in
the GALA method (25) by introducing Gaussian distribu-
tions for the tilt, t, and/or rotation, r, in the GALA equation
(Eq. 2). The widths of the Gaussian distributions (st and sr)
were used, together with t and r, as fitting parameters
(determined by minimizing the root-mean-squared devia-
tion between experimental values and those obtained from
the GALA equation). Table 3 shows a comparison of the
angles found by that method with those found in our simu-
lations. The tilt predicted by our simulations matches within
5 the model that describes fluctuations of both t and r
(Model 6 in Strandberg et al. (25)). It is interesting that
the agreement is good also for the azimuthal rotation.
Although the most probable values of tilt and rotation
calculated from our simulations match well the results of
Strandberg (25), our simulations raise the question of the
suitability of the use of Gaussian distributions to describe
the peptide motion, especially for the rotation about the
helical axis. Previous all-atom simulations yielded complex
distributions, including multimodal distributions, but it was
not clear whether these were a result of insufficient sampling
(24). The work reported here shows that the distributions of
both t and r generally present only one maximum (Fig. 1)
but are not strictly Gaussian. This is particularly evident
for the azimuthal angle, which has periodic distributions
that are far from Gaussian.
We notice here that each QS value is determined by the
precise shape of the distributions for t and r, not by tiltGALA model orientations
Rotation () RMSD (kHz)
GALA r flucty GALA t,r fluctz GALA r flucty GALA t r fluctz
158 158 0.9 0.9
143 143 2.3 2.2
re from Strandberg et al. (25). Note that we use here the original convention
theses in Table 2 of Strandberg et al. (25).
onomer CG MD simulations.
5).
et al. (25).
Interpretation of 2H NMR on WALP23 1461and rotation dynamics (as long as they are faster than the
experimental timescale; intermediate dynamics would
broaden NMR signals and slow dynamics would result in
multiple, possibly overlapping signals). Although peptide
dynamics in our simulations is probably faster than in real
systems (due to the smoother interactions in the CG force
field (26,27)), this has no effect on the calculated QS values.
When analyzing simulations, randomizing the order of the
frames would yield the same QS.
Based on this work and on previous work by other groups
(20,24,25,45), it is clear that different motional models
(static rigid helices, dynamic rigid helices with some distri-
bution of fluctuations and/or of aggregation states) can yield
a good fit of 2H QS with different values of peptide tilt and
rotation. Therefore, QS values are not sufficient to unambig-
uously determine peptide orientation and dynamics. The use
of additional experimental data (for example, 15N solid-state
NMR) seems a promising alternative. Koeppe and co-
workers used 2H NMR and PISEMA to assess the orienta-
tion of the GWALP23 peptide (46). Their analysis did not
take into account the possible fluctuations in the peptide
orientation, and a rather small tilt was found (~10 in
DLPC). We note that the small tilt could also be the result
of peptide aggregation (promoted by the high P/L ratio,
1:20). We also note that dynamic averaging could improve
the fit of 15N NMR data (41). Recently, Milon and co-
workers studied the orientation of WALP23 in DMPC using
2H-NMR QS together with 13C and 15N chemical shifts and
13C-15N dipolar couplings (47). Using a fitting procedure
similar to dynamic GALA, i.e., including Gaussian or
uniform distributions for tilt and rotation (as in works by
Strandberg and co-workers (25,41)), those authors found a
larger helical tilt, ~21, whereas the rotation (145) was
similar to previous results obtained with static GALA (18).
To further validate our CG approach, it would be interesting
to back-calculate these newly determined experimental
observables (47) from the simulations. Work in this direc-
tion is ongoing.
The use of CGMD simulations provides a different, inde-
pendent route for the prediction of orientation and dynamics
of helical transmembrane segments. CGMDdoes not require
anymotional model and, being ~3 orders of magnitude faster
than atomistic simulations, allows for near-equilibrium
sampling of molecular motions for monomeric peptides.
Back-calculation of QS provides a simple way to validate
CG MD results. Since QS depends only on the shape of t
and r distributions, possible (minor) alterations of peptide
dynamics do not affect the accuracy of CG MD predictions.WALP dimerization
Determining peptide aggregation in lipid bilayers is a chal-
lenge not only for simulation studies but also for experi-
ments. Recent experimental studies indicate that WALP23
dimerization is strongly concentration- and phase-depen-dent. It has been shown via electron paramagnetic resonance
spectroscopy that at low temperature, aggregates of
WALP23 are present at a 1:100 P/L ratio when the lipids
are in the gel phase, whereas no sign of aggregation is
observed in the fluid phase (48). Fluorescence data on
WALP23 suggest the presence of AP dimers at a P/L ratio
of 1:25 and above (29). At a 1:36 ratio, it was possible to
detect experimentally a low concentration of excimers
(i.e., dimers) (49), whereas our simulations predict stable
dimers. The discrepancy might be due to the CG force field
overestimating the stability of the dimer. It could also be that
the large pyrene probe (used in the fluorescence experi-
ments) compromises the stability of the dimer.
In DPPC and DLPC, a combination of monomer and AP
dimer give the best agreement with experimental results,
whereas in DOPC all combinations of monomer and AP
and P dimers give good agreement with experiments. Is
the presence of dimers compatible with experimental
results? Is it plausible to think of a monomer-dimer equilib-
rium? In 2H-NMR experiments on WALP23, each alanine
gives rise to a single QS in the 2H-NMR spectrum, different
from the other alanines (18). This requires that 1), not all
rotation angles are equally probable; 2), if different aggrega-
tion states exist, the peptides must exchange on a timescale
shorter than the 2H-NMR timescale (hundreds of microsec-
onds); if this were not the case, the different species would
give rise to multiple signals for each alanine. We verified
that our simulations meet both conditions. Despite the great
stability of the dimers, the exchange rates between different
peptides in the dimers are fast enough to justify averaging
the QS values (see Fig. 2 and Fig. S7). Moreover, QS values
predicted by simulations for monomers and AP dimers are
very similar (within 2 kHz or less)—in other words, mono-
mers and dimers are predicted to have very similar 2H-NMR
spectra. It is also possible that larger aggregates would form
and contribute to the NMR signal. Further work to assess the
structure and dynamics of other aggregation states is
currently ongoing.
Simulations of WALP23 dimers suggest that the AP
arrangement is more stable than the P arrangement, inde-
pendent of the lipid bilayer. No disruption of the dimer is
observed when the arrangement is AP, whereas the P dimer
can fall apart and reform within the simulation timescale.
The presence of AP dimer is compatible with FRET exper-
iments and with previous computer modeling studies in
vacuum (29,49). The greater stability of the AP dimer has
been observed before in helix-helix association of trans-
membrane model peptides (29,49,50). Adjacent helices in
membrane proteins also appear to prefer an AP orientation
(51–53). The attractive electrostatic interaction between
helix macrodipoles has been proposed to be at the origin
of the preference for the AP orientation (29). In the case
of our CG simulations, such dipoles are not present (no
charges are present on the peptides) and other factors
must contribute to the higher stability of the AP orientation.Biophysical Journal 99(5) 1455–1464
TABLE 4 Surface complementarity score and orientation
of the 10 best dimers
Rank SC score AP P
1 368 x
2 311 x
3 307 x
4 284 x
5 278 x
6 274 x
7 274 x
8 272 x
9 262 x
10 260 x
Dimers were obtained using FTDock without electrostatic contributions.
Higher scores indicate better surface complementarity. SC, surface comple-
mentarity; AP, antiparallel orientation; P, parallel orientation.
1462 Monticelli et al.In the CG simulations, the greater stability of the AP over
the P dimer can be related to the peptide-peptide Lennard-
Jones energy, as shown in Fig. S8. In the absence of electro-
static interactions, the Lennard-Jones potential energy is
the main contribution to dimer stability (lipid-peptide and
lipid-lipid interactions being approximately equal in both
arrangements). Due to its short-range nature, a more nega-
tive Lennard-Jones energy essentially reflects a higher
number of close contacts between the peptides and therefore
better surface complementarity (see Fig. 3, C and D).
To check whether a similar effect is also observed with an
atomistic description, we carried out molecular docking
calculations using an all-atom model. Electrostatic interac-
tions were switched off, so that only surface complemen-
tarity (SC) was considered. Table 4 reports SC scores for
the 10 most stable dimers. Clearly the AP arrangement
yields structures with better SC, related to better packing
of the side chains (see Fig. 3, A and B). We conclude that
the preference for the AP orientation originates also from
better SC, in addition to the helix macrodipole attraction.
We note that despite the lower level of detail and the greater
smoothness of the representation, the CG model appears toFIGURE 3 Snapshot of dimers obtained by docking atomistic structures
and from CG simulations. (A and B) Best AP (A) and P (B) dimers in terms
of SC (SC scores of 367 and 278, respectively). (C and D) Snapshots of
CG dimers (started from preassembled dimers) with the most favorable
Lennard-Jones interpeptide energy in DOPC for AP (C) and P (D) orienta-
tions (422.8 and 401.5 kJ mol1, respectively). The backbone is
rendered as a Ca trace and the side chains are drawn as spheres representing
the CG beads. The radii of the beads have been scaled down to visualize the
interdigitation of side chains. The different peptides in the dimers are
colored blue and red. The orientation of the peptides is indicated by N
and C labels. All snapshots were rendered with Pymol (54). (See online
version for colors.)
Biophysical Journal 99(5) 1455–1464capture the better SC of the AP dimer shown in the atomistic
docking calculations.CONCLUSIONS
We presented coarse-grained simulations of the WALP23
peptide in monomeric form and in dimeric form with both
parallel and antiparallel arrangements, in three different
lipid bilayers at two different concentrations. We calculated
different properties that can be compared to experiments, in
particular 2H-NMR QS and metrics describing peptide
orientation. The agreement with experimental QS is signif-
icantly improved compared with previous atomistic simula-
tions, indicating that the extent of sampling is more
important than atomic detail for the reproduction of experi-
mental QS. The general trend of peptide orientation as
a function of hydrophobic mismatch agrees well with
predictions by continuum theory. Simulations also predict
that mixtures of monomer and dimer species can provide
good fits to experimental QS data. In dimers, SC appears
to contribute significantly to the higher stability of the AP
arrangement, as do electrostatic interactions between helical
backbone dipoles.
It is known that the GALA analysis performed with
different motional models provides different tilt and rotation
angles. Our approach, on the other hand, does not require
any assumption on the motion of the peptide, as the latter
is predicted by the force field. CG MD simulation results
can be validated by direct comparison of calculated with
experimental QS values. Because calculated QS values
depend only on the distributions of tilt and azimuthal rota-
tion, the possible overestimation of peptide dynamics has
no effect on the predicted QS. Finally, our results provide
further validation of the MARTINI force field.SUPPORTING MATERIAL
Eight figures and three tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(10)00712-5.
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